All other chemicals were reagent grade or better. Double-distilled H20 was used for all solutions. Buffers were adjusted to their final pH at room temperature (21 C). PVP was hydrated before use by soaking at least overnight in distilled H20.
groups, inactivating physiologically crucial sulfhydryl-dependent enzymes or altering their catalytic specificity or control. An organism must contend with the problem of maintaining a minimal internal concentration of Cu sufficient to meet its needs but, at the same time, prevent the occurrence of a toxic level of the metal. In the case of animals, this control appears to be due in part to the presence of a specific heavy metal binding protein, metallothionein (4), which acts as a depot for Zn2+ and Cu2+ and, in addition, serves to bind, and thus sequester, the toxic metal Cd2 .
It has recently been suggested that a second form of Cu-binding protein may be involved in Cu homeostasis in mammals (15) . This protein, termed Cu-chelatin, has been claimed to be distinct from Cu-thionein on the basis of its electrophoretic mobility, amino acid content, and behavior on ion exchange chromatography. Premakumar et al. (12) have further noted the possibility of a chelatin, or a chelatin-like protein, in plants. This was based on the observation of an 8,000 mol wt Cu peak during gel filtration of an extract of mung bean seedlings. We have examined this system in the hope of further characterizing any possible mung bean Cu-chelatin. In this paper we present evidence that the "chelatin" peak on gel filtration is largely due to mung bean plastocyanin and not to a specific Cu-binding chelatin.
'This work was supported by All other chemicals were reagent grade or better. Double-distilled H20 was used for all solutions. Buffers were adjusted to their final pH at room temperature (21 C). PVP was hydrated before use by soaking at least overnight in distilled H20.
Growth of Plants. Mung bean seeds were planted in acidwashed quartz sand contained in 250-ml Styrofoam cups which had been punctured and slit through the sides and bottom in several places. These cups, in turn, were placed in polystyrene trays, and Long-Ashton medium (9) with the desired concentration of Cu (as cupric sulfate) was added to a final depth of 2.5 cm. Growth was at room temperature (21 C) 18 cm under banks of four 40 w cool-white fluorescent tubes. Vinyl sheets with holes cut to accommodate the cups were used to cover the solution trays to minimize evaporation and concomitant concentration changes. At day 6 after planting, and every 4th day thereafter, the old medium was removed and fresh medium was added. Between changes, medium volume was maintained by addition of distilled H20 as needed.
Determination of Mol Wt Distribution of Soluble Macromolecular-bound Cu. Plants were grown in 2, 5, and 10 ,g/ml Cu for 21 days, harvested, and rinsed in distilled H20. After gently blotting dry, the tissue was homogenized in a blender with 10 mm Tris-Cl (pH 8.0) (7 ml/g tissue), and PVP (0.75 g/g tissue). This and all subsequent steps were done at 4 C. After straining through several layers of cheesecloth, the extract was clarified by centrifugation at 23,500g for 35 min. The extracts then were adjusted to 80% saturation by addition of solid (NH4)2SO4. After holding overnight, the resulting precipitates were recovered by centrifugation as above, and each pellet was redissolved in a minimal volume of buffer. Equal quantities of each extracts then were subjected to gel filtration on a 2.5-x 5 1-cm column of Sephadex G-75 Cl (pH 7.0), and twice their weight of hydrated insoluble PVP. The homogenate was strained through three layers of bufferwashed cheesecloth to remove larger debris and then centrifuged at 8,000g for 45 min. The crude extract next was adjusted to 301% saturation in (NH4)2SO4 by addition of the solid salt. The resulting precipitate was removed by centrifugation as above and redissolved in a minimal volume of 20 mm Tris-Cl (pH 7.5) yielding the 0 to 30%o (NH4)2SO4 saturation fraction. The supernatant next was adjusted to 80%1o saturation in (NH4)2SO4, and the resulting precipitate was recovered by centrifugation. The pellets were redissolved in a minimal volume of 20 mm Tris-Cl (pH 7.5), yielding the 30 to 80%'o (NH4)2SO4 fraction.
Determination of Cu. In the early studies establishing growth conditions, Cu was determined spectrophotometrically using sodium diethyldithiocarbamate (5). Samples were first dried and wet-ashed with HNO3-H2SO4 (14). For the determination of soluble Cu in plant tissue, the tissue was ground with a mortar and pestle with 5 ml/g tissue of ice-cold 10 mm Tris-Cl (pH 8.0). After centrifugation at 23,500g for 15 min, the supernatant extract then was assayed for Cu as above. In the later purification work, Cu was determined by atomic absorption spectrophotometry using a Perkin Elmer 303 spectrophotometer equipped with an air-acetylene burner. Protein solutions were analyzed directly, whereas plant material was first wet-ashed as above.
Polyacrylamide Disc Gel Electrophoresis. Polyacrylamide disc gel electrophoresis was performed by the method of Davis (6) using 7-cm long 10%Yo gels. Electrophoresis was at 5 mamp/gel for approximately 90 min. Gels were stained overnight for protein with 1% (w/v) naphthol blue black in 7.5% (v/v) acetic acid. Destaining was done by leaching in 7.5% acetic acid. Migration rates (RF) were determined relative to the bromphenol blue tracking dye.
Amino Acid Analysis. Samples for amino acid analysis were hydrolyzed for 20 h with glass-distilled 5.7 N HCI in vacuo. Hydrolysates were analyzed on a Glenco MM-70 amino acid analyzer equipped with a ninhydrin detection system. Tryptophan was determined by the method of Beaven and Holiday (2).
RESULTS
Response of Plants to Cu. The response of mung bean plants to various concentrations of Cu in the growth medium were first determined in order to optimize conditions for later purification studies. Plants were grown for 14 days at 0.06, 1.0, 2.0, 5.0, and 10.0 ug/ml added Cu2+ (0.9, 15.7, 31.4, 78.6 , and 157 JIM CU2+, respectively), harvested, rinsed in distilled H20, and assayed for total and soluble copper. A Cu concentration of 1 ,ig/ml resulted in optimal growth as determined by plant fresh weight (Fig. 1) . At Cu concentrations greater than I ,ug/ml, significant decreases in fresh weight occurred, with the highest Cu concentrations causing chlorosis and severe inhibition of internodal elongation and lateral root development. At greater than 2 jug Cu2+/ml, increases in total and buffer soluble Cu were observed in both the roots and aerial tissues. The increase in Cu in the aerial tissues was primarily due to an increase in buffer-soluble Cu. For roots, the increase was primarily attributable to an increase in the buffer-insoluble form of the metal. Essentially the same results were obtained with plants grown for 21 days.
A further experiment revealed significant differences in the mol wt distribution of Cu in the plants grown under the different regimens. In plants grown in medium containing 2,tg/ml, most of the macromolecular Cu has a mol wt greater than 20,000 (Table   I ). At higher concentrations of Cu in the medium, increasingly greater relative amounts of Cu are found in the 7,000 to 20,000, Cu.,ug/ml. The material from four-column runs such as shown in Figure 2 Sephadex G-75, several discrete Cu-containing peaks were noted (Fig. 2) . Two peaks, with high (greater than 45,000) and very low (less than 5,000) mol wt, were not treated further. The material in the other two Cu-containing peaks (I and of Fig. 2 ), eluting with apparent mol wt of about 20,000 and 10.000. were pooled as indicated.
Pool II, having the same approximate mol wt as that reported for chelatin, was chosen for further study. The pool was charged directly onto a DEAE-cellulose column, which was subsequently eluted with a linear Tris-Cl gradient. A dominating feature of the chromatogram was a broad brown peak eluting between 0 and 0.8 m Tris-Cl (only the first portion of this peak is shown in Fig. 3 ). Superimposed upon this polydisperse peak were a number of discrete protein peaks eluting at less than 0.4 m Tris-Ci. (Fig. 4) . The protein has an apparent mol wt on gel filtration and SDS-polyacrylamide gel electrophoresis (7) of 10,000 to 12,000. These data are identical or similar to those observed for higher plant plastocyanins (13). Further, the amino acid composition of species P2 (Table II) is similar (although not identical) to that of Phaseolus vulgaris L. plastocyanin (10) and different from those of mammalian thioneins (4) and chelatins (12). Especially notable in this regard is the low content of half-cystine, which is present at very high levels (15 to 30 residues/100) in both chelatin and thionein. The Cu content (0.82%, by weight) is also roughly comparable to that observed for other plastocyanins. Thus, we conclude that species P2 is the mung bean plastocyanin.
DISCUSSION
Although the initial purification steps used here differ somewhat from those used by Premakumar et al. (12) , the gel filtration pattern we obtained is strikingly similar to that found by their group (ref. 12; Fig. 2) . It seems likely that we are dealing with the same material as these workers (their pools a and f) in our pool II. Like their "chelatin," pool II was strongly brown in color. However, this contaminating brown material could readily be removed by ion exchange chromatography on DEAE-cellulose to yield the pure protein P2. Based on our chemical analyses, we conclude that protein P2 is mung bean plastocyanin. The Cucontaining peak of Premakumar et al. (12) is probably primarily plastocyanin rather than a protein similar to the Cu-chelatin isolated by the same group from animal sources (15). Such an identification also explains the absence of this material from the roots of Cu-treated mung bean plants (12) .
